Mechanosensitive (MS) channels of small (MscS) and large (MscL) conductance are the major players in the protection of bacterial cells against hypoosmotic shock. Although a great deal is known about structure and function of these channels, much less is known about how membrane lipids may influence their mechanosensitivity and function. In this study, we use liposome coreconstitution to examine the effects of different types of lipids on MscS and MscL mechanosensitivity simultaneously using the patch-clamp technique and confocal microscopy. Fluorescence lifetime imaging (FLIM)-FRET microscopy demonstrated that coreconstitution of MscS and MscL led to clustering of these channels causing a significant increase in the MscS activation threshold. Furthermore, the MscL/MscS threshold ratio dramatically decreased in thinner compared with thicker bilayers and upon addition of cholesterol, known to affect the bilayer thickness, stiffness and pressure profile. In contrast, application of micromolar concentrations of lysophosphatidylcholine (LPC) led to an increase of the MscL/MscS threshold ratio. These data suggest that differences in hydrophobic mismatch and bilayer stiffness, change in transbilayer pressure profile, and close proximity of MscL and MscS affect the structural dynamics of both channels to a different extent. Our findings may have far-reaching implications for other types of ion channels and membrane proteins that, like MscL and MscS, may coexist in multiple molecular complexes and, consequently, have their activation characteristics significantly affected by changes in the lipid environment and their proximity to each other.
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Escherichia coli | giant spheroplasts | liposomes | amphipaths | pressure clamp V arious types of mechanosensitive (MS) ion channels are present in membranes of eukaryotic and prokaryotic cells, where they function as molecular detectors of mechanical stimuli such as touch, sound, and gravity acting on membranes of living cells (1, 2) . Among the best-studied MS channels to date are the bacterial channels of small (MscS) and large (MscL) conductance functioning as safety valves, which protect bacteria from rupturing upon a challenge by hypoosmotic shock (3) .
It is well established that the biophysical properties of membrane proteins including ion channels are affected by their lipid environment (4, 5) . Molecules such as cholesterol increase the bending modulus (6) , as well as change the bilayer pressure profile (7) of the lipid bilayer and, hence, the channel gating properties. Other properties such as lipid tail length (8) and lipid head groups (9) affect the gating of MscL. Amphipathic molecules such as local anesthetics or the single-chain lipid lysophosphatidylcholine (LPC) also activate MscS and MscL by inducing curvature and change in the pressure profile in the lipid bilayer (8, 10, 11) . A detailed mechanism of how lipids interact with these channels in the bacterial cell membrane and influence their mechanosensitivity remains poorly understood. For example, it remains unclear why the sensitivity of bacterial MS channels (MscL, MscS/MscK, MscM) to activation by membrane tension decreases with their conductance (12) . Also, it is not clear why, unlike MscL, MscS has a tendency to concentrate at the poles in bacteria at frequencies correlated with the cellular cardiolipin content (13) .
In this study, we have examined the effect of acyl chain length, cholesterol, and lyso-lipids on the mechanosensitivity of MscS and MscL coreconstituted into liposomes (14) . This approach allowed us to freely change the ratio and type of lipids in liposome preparations and study the effect of these changes on the MscL/MscS threshold ratio (TR). TRs were determined by the pressure applied to patch pipettes (i.e., membrane tension) required for gating MscS and MscL by stretching the lipid bilayer. Our study investigates lipid-protein interactions by simultaneously examining two membrane ion channels coreconstituted into artificial liposomes of different lipid composition.
Results and Discussion
Comparison Between the Activation Threshold and the Activation Midpoint in Determining the Activation Ratio (MscL/MscS). Channel gating thresholds have been frequently used in the studies of bacterial MS channels to estimate the mechanosensitivity of MscS and MscL (15, 16) . Instead of measuring the first channel opening of MscS and MscL to determine the TR, an alternative method is to calculate the midpoint ratio (MR) from an activation curve with the midpoints determined as the pressure (tension) at which instantaneous current is half of the current at saturation (17, 18) . It remained unclear which pair of parameters characterizes better the difference in MscL and MscS tension sensitivities. To examine whether there is a difference between the TR and the MR for MscL and MscS, we compared them by using Escherichia coli giant spheroplasts and azolectin (100%) liposomal membranes, which contain both wild-type MscS and MscL. These observations indicate that there is little difference between the TR and the MR for MscS and MscL in the membrane bilayer composed of the same type of lipids ( Fig. 1 ; for further details, see SI Text). When measuring the activation ratios for MscL compared with MscS, the TR method is preferable, because measuring the MR requires MscL activation to saturate before the membrane seal or patch is broken by the applied negative pressures. Consequently, most of the results in this study are based on determining the TR rather than the MR.
Effect of the Bilayer Thickness on MscS and MscL. MscL channel activity was reported to be strongly dependent on the thickness of the lipid bilayer in which the channel was reconstituted, such that decreasing bilayer thickness lowered MscL activation energy, whereas an increase in the bilayer thickness led to an increase in the MscL energy of activation (8) . Similar results have not been reported for MscS.
To assess whether the difference in lipid acyl chain length affects mechanosensitivity and the MscL/MscS TR, we coreconstituted both channels into liposomes made of PE18:PC18 (70%:30%), PE16:PC16 (70%:30%), and azolectin. Current traces shown in Fig. 2 A and B represent the channel activity recorded from PE18: PC18 (70%:30%) and PE16:PC16 (70%:30%) liposomes, respectively. The activation threshold of MscL in PE16:PC16 (70%:30%) and PE18:PC18 (70%:30%) liposomes was lower compared with the threshold required for the channel activation in soybean azolectin (100%) liposomes (Fig. 2C) . In contrast, the activation threshold of MscS in liposomes made of PE16:PC16 (70%:30%) and PE18:PC18 (70%:30%) was approximately the same as the threshold in azolectin (100%) liposomes (Table S1 and Fig. 2C ). Consequently, the MscL/MscS TR decreased in the shorter PE16:PC16 compared with the longer PE18:PC18 lipids (Fig. 2C) . Together, these results indicate that the molecular mechanism underlying the mechanosensitivity of MscS and MscL differs for the two channels in accordance with several previous reports (19) (20) (21) (22) .
The results suggest that, because of their very different molecular structure (23), lipid-protein interactions are different for the two channels. In the case of the MscL pentamer, the reduction of the thickness of the transmembrane portion of the channel following the reduction of the lipid bilayer thickness would be attained by a significant tilt of the TM1 and TM2 transmembrane helices (24) resulting in the opening of the very large channel pore of 30 Å in diameter (24, 25) . In the case of the MscS heptamer a lesser tilt of the TM1 and TM2 helices is required to accommodate the smaller MscS open channel pore of 14-16 Å (19) . Thus, it would seem an overall smaller conformational change is required for the closedopen transition in MscS compared with MscL resulting in MscS being apparently less sensitive to bilayer thinning.
Cholesterol Effects on Mechanosensitivity of MscS and MscL. Cholesterol has been shown to influence the function of numerous membrane proteins including ion channels (26) . We coreconstituted MscL and MscS channels in azolectin liposomes containing different percentages of cholesterol (0-30%) to assess how the changes in the cholesterol may affect the mechanosensitivity of these channels.
It is a well-known fact that cholesterol influences the mechanical properties of the lipid bilayer of cell membranes by: (i) reducing bilayer fluidity, thus making it stiffer; (ii) decreasing its permeability, thereby affecting its thickness by increasing the orientational order of phospholipid molecules (27, 28) ; and (iii) affecting the transbilayer pressure profile (7). However, it has been shown that up to 40% cholesterol does not increase the bending modulus of membrane bilayers composed of phosphatidylcholine lipids with two monounsaturated chains, although it does have the expected stiffening effect on membranes composed of lipids with two saturated chains (29) . Therefore, the effect of cholesterol on lipid bilayers is not universal since it depends on the saturation of aliphatic carbon tails. In this context we note that azolectin liposomes in our experiments consisted of phospholipids containing the carbon chains C16:0, C18:0, C18:2, and C18:3 of which the C18:2 comprised 60% (30) . It has been suggested that because cholesterol has a smooth face and a rough face due to two bulky methyls sticking out on the same rough side of the otherwise puckered ring structure, saturated chains should be more likely to pack against the smooth face which then acts to condense them into straighter chains taking up considerably less area. Cholesterol interaction with unsaturated aliphatic carbon chains would therefore be much weaker, making the unsaturated chains less susceptible to condensing (29) . Consequently, the effects of cholesterol on MscL and MscS we observed in azolectin liposomes result most likely from the interaction of cholesterol with the saturated phospholipids in azolectin through a change in bilayer thickness, stiffness and/or transbilayer pressure profile. Fig. 3A shows superimposed current traces of MscS and MscL coreconstituted into liposomes made of azolectin (100%) (black trace) and azolectin/cholesterol (70%:30%) (gray trace). Higher membrane tension was required to activate both channels in the presence of cholesterol. The relative increase in activation threshold of MscS was much higher (126%) compared with MscL (27%) (Fig. 3B) indicating a much stronger effect of cholesterol on MscS. Overall, the addition of 5-30% cholesterol led to a decrease of the MscL/MscS TR (Fig. 3C) .
Since the total membrane-associated area (i.e., the buried protein area in contact with the interior of the lipid bilayer) of MscL is 140 nm 2 (1) stiffening of the bilayer can be expected to reduce the freedom of movement of MscL transmembrane helices and thus reducing the mechanosensitivity of the channel. However, given that MscL mechanosensitivity was shown to be significantly dependent on the bilayer thickness (8) change in hydrophobic mismatch is more likely to contribute to the increase in the MscL activation threshold (Fig. 3B) .
MscS exhibited a much larger increase in the pressure activation threshold in azolectin/cholesterol liposomes compared with that of MscL (Fig. 3B) . The decrease in its fluidity (29) may be the major factor causing this increase: (i) the total membrane-associated area of MscS of 300 nm 2 (31) is much larger compared with that of MscL; and (ii) MscS exhibits a significant reduction in activity attributable to lateral compression of the bilayer under high hydrostatic pressure (31) . Given that hydrophobic mismatch seems to have less influence on MscS activity (Fig. 2C) , bilayer stiffness could be the main factor affecting it, while hydrophobic mismatch appears to be more important for MscL.
In addition to the factors discussed above, we cannot exclude the possibility that cholesterol could influence both MscL and MscS through specific interactions with them given that other ion channels such as inwardly rectifying K + channels were shown to be sensitive to specific sterol-channel protein interactions (26) . However, it is more likely it is its effect on the transbilayer pressure profile (7) that is affecting both channels. The pressure profile across the bilayer is a result of the contracting influence of the head groups balanced by the tendency of the lipid tails to maximize their entropy by occupying a greater volume (7, 32) . A scanning mutagenesis study suggested that the amino acids of the mechanosensing regions of MscS were located at both periplasmic and cytoplasmic ends of TM1 and TM2 transmembrane helices (20) . Similarly, a genetic study isolating suppressors of gain-of-function mutants (33) together with scanning-mutagenesis studies (21, 34) identified amino acids forming the "mechanosensor" of MscL at the periplasmic border of the lipid-protein interface, although other studies indicated that mechanosensing in and MscL (Middle) coreconstituted into azolectin (100%), PE18:PC18 (70%:30%), and PE16:PC16 (70%:30%) liposomes (mean ± SEM; n = 7-8). TR of MscL relative to MscS (mean ± SEM; n = 7-8) (Bottom). Significant differences are indicated by asterisks (**P < 0.01 by t test). MscL is also occurring at the cytoplasmic interface (35) portions of the pore and mid-TM2 (36) . Theoretical considerations provide lateral pressures in the bilayer core of about 350 atm, whereas the contracting surface tension resulting from hydrophilic head groups being squeezed together to prevent exposure of the hydrophobic tails to the aqueous compartment in each monolayer is on the order of 1000 atm (32) . The contracting influence of the lipid head groups near the aqueous interface affecting the mechanosensing regions of MscS and MscL is expected to induce a change in the transbilayer pressure profile and so have an effect on the closedopen equilibrium of both MscL and MscS. This interpretation is in line with the findings of several studies suggesting that lipid effects on MS channel activity act through changes in the biophysical properties of the lipid bilayer, rather than through specific lipidprotein interactions (9, 32) .
Activation of MscS and MscL by LPC. It has been reported that amphipathic compounds including the single-tailed lyso-lipid LPC activate bacterial MS channels by intercalating into one of the bilayer leaflets (8, 10, 11) . A coarse-grained simulation study (37) suggested that asymmetric incorporation of LPC into the membrane bilayer should curve the bilayer such that the higher the local LPC concentration, the higher the local curvature frustration. This is in agreement with structural electron paramagnetic resonance experiments showing that only asymmetrically incorporated LPC into a membrane bilayer could activate MscL, whereas symmetrically inserted LPC did not have any effect (8) . A detailed analysis of the geometrical and mechanical properties of the curved bilayers indicated that the packing of phosphate groups (i.e., area-per-lipid) rather than local curvature is the cause of the large variation in the local pressure profile affecting the MS channels (37) .
To tease out similarities and differences between the effect of amphipaths on MscL and MscS coreconstituted in the same lipid bilayer, we used LPC to open the channels in azolectin (100%) liposomes. Because it has been reported previously that the liposome membrane could creep up along the wall of the patch pipette as a result of the ionic strength of the recording solution, leading to an increase in the resting tension of the liposome patch (38) , before the LPC experiments, we determined the extent of creeping of liposome patches with time in our experiments (see SI Text). Fig. 4A shows current traces of MscS and MscL recorded in the absence of LPC upon application of pressure ramps before and after a 10 min interval, which was sufficient to determine reliably the LPC effect before and after its application. The activation threshold before application of LPC decreased over that interval 15% for MscS and 10% for MscL.
Application of LPC to the liposome patch caused spontaneous channel activity after approximately 10 min (Fig. 4B) . MscS was activated first, followed by brief openings of MscL. Again, we applied a pressure ramp and noticed a 75% reduction in the activation threshold of MscS and 57% in the activation threshold of MscL (Fig. 4C) , resulting in a significant increase in the MscL/ MscS TR (Fig. 4D) . As was the case with cholesterol, LPC also exerted a larger effect on MscS than on MscL.
MscS and MscL can be activated not only by suction but also when positive pressure is applied to a giant spheroplast at the pipette tip in whole-spheroplast mode (39, 40) . Given that the channel activity increased with the decrease in the curvature in whole-spheroplast mode, curvature is unlikely to be a stimulus gating the channels. Nevertheless, incorporation of amphipathic molecules could facilitate opening of the MS channels (9, 10) possibly by affecting the packing of phosphate groups, which could cause change in the local pressure profile in the lipid bilayer (37) .
Clustering of MscL and MscS. To determine whether coreconstitution has an effect on the activation TR, we measured the membrane tension thresholds for MscS and MscL separately and coreconstituted using patch fluorescence confocal microscopy (see SI Text). Results show a significant increase in the membrane tension threshold for MscS when coreconstituted with MscL. There was an increase in the MscL activation threshold in the coreconstituted patches, but it was not significantly different (Fig. 5A) . As previously reported (17) , MscL clusters with other MscL molecules and computational modeling has suggested that this clustering has a significant impact on the free energy needed to open the channel (41) . We conducted a fluorescence lifetime imaging (FLIM)-FRET experiment to determine whether MscS and MscL preferentially cluster together within lipids. To do this, we separately labeled an MscL M94C mutant with a donor fluorophore Alexa Fluor 488 (AF488) and an MscS M47C mutant with an acceptor fluorophore Alexa Fluor 568 (AF568). Both point cysteine mutations are localized on the outer transmembrane region of their respective proteins (Fig. 5B) . In regions of clustering between the two protein populations, the fluorescence lifetime of the donor population will be reduced because of the close proximity of the acceptor population due to resonance transfer. For completeness, it was also necessary to determine whether MscS would cluster with itself. We separately labeled two populations of MscS M47C, one with just the donor and one with just the acceptor and then followed a similar reconstitution protocol.
Compared with an MscL donor only sample (Fig. 5C ), in the mixed MscS and MscL samples, we were able to distinguish selected regions of reduced fluorescence lifetimes in our samples indicative of self-assembly into clusters for our labeled proteins (Fig. 5D ). This result suggests that it is energetically favorable for MscS to cluster with MscL proteins in lipid membranes. In contrast, no clustering could be detected for MscS with itself in any of our samples. It was suggested that MscS may induce midplane bending in the surrounding lipids (4); then, the fact that no evidence could be found to show that MscS clusters with itself is consistent with an earlier proposition that all MscS molecules are oriented in the same direction in the lipid bilayer, (SI Text). Midplane bending of the lipids surrounding like-oriented proteins would mean it is energetically favorable for the proteins to repel each other (4) . Oppositely oriented proteins on the other hand should attract. MscL has previously been shown to be oriented in the same direction in liposome membrane patches (42) . Given the uniform orientation of MscL in liposome bilayers, it is feasible to assume that MscS uniform orientation could also be facilitated by the uniform MscL orientation. In the case of MscL clustering, it is thickness deformation that may be the driving force for induced self-assembly into clusters (4, 41) . Based on these data, it seems reasonable that it is the close association between MscS and MscL in the patch membrane that is causing the increase in activation thresholds for MscS in the coreconstituted liposome patches.
Conclusions
Interactions with their lipid environment is particularly important for MS channel function, because they are gated by the bilayer tension (43) . The coreconstitution of MscL and MscS enabled us to demonstrate that the differences in the lipid environment affected the channels individually and to an extent related to their particular molecular structure. Most importantly, the activation properties of the channels are significantly affected by their clustering. Our study suggests that by changing the lipid composition of their cell membranes (44) , bacteria may be able to broaden the repertoire of mechanisms they can use to modulate the activity of MS channels and, thus, more successfully adjust to potentially life-threatening changes in the osmolarity of their habitats. The study also has important implications for other membrane proteins including biological channels and transporters that may coexist in multiple molecular complexes.
Materials and Methods
Chemicals. Chloroform, cholesterol, soybean azolectin, KCl, MgCl 2 , Hepes, n-dodecyl β-D-maltoside (DDM) and KOH were all obtained from SigmaAldrich. BioBeads were purchased from Bio-Rad, whereas 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (PE18:1), 1,2-dipalmitoleoyl-sn-glycero-3-phosphoethanolamine (PE16:1), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (PC18:1), 1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine (PC16:1), and 1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine (18:1) were obtained as powders from Avanti Polar Lipids. All lipids were dissolved and stored in CHCl 3 at −30°C. Doubly distilled water was used in all experiments.
Purification and Protein Incorporation into Liposomes. GST-MscL-WT and His 6 -MscS-WT were prepared according to published procedures [MscL (45) and MscS (46)]. MscS and MscL were both incorporated into liposomes made of a single type of lipids or a lipid mixture (Results) using either a sucrose (14) or dehydration/rehydration (D/R) reconstitution method (45) . See SI Text for more detail.
Electrophysiology. The channel activities of MscS and MscL were examined in liposomes, as well as in E. coli giant spheroplasts, using the patch-clamp method. Giant spheroplasts were prepared as described previously (47) . Currents were amplified with an AxoPatch 1D amplifier (Axon Instruments), and data were acquired at a sampling rate of 5 kHz with 2-kHz filtration. The bath and pipette recording solution used in liposome experiments was the same consisting of 200 mM KCl, 40 mM MgCl 2 , and 5 mM Hepes, whereas in spheroplast experiments the bath solution consisted of 250 mM KCl, 90 mM MgCl 2 , and 5 mM Hepes (pH 7.2 adjusted with KOH). See SI Text for more details on patch-clamp electrophysiology methods and patch fluorescence confocal microscopy methods.
FLIM-FRET. FLIM was performed on a PicoQuant MicroTime 200 inverted confocal microscope with a 60×, 1.2-NA water-immersion objective. Excitation was via a fiber-coupled, pulsed laser diode operating at 470 nm with a pulse width below 200 ps. Detection was in the range 489-531 nm using a single-photon avalanche diode (SPAD) (MicroPhoton Devices) connected to time-correlated single-photon counting (TCSPC) electronics (PicoHarp 300; PicoQuant). Fluorescence decays from each pixel were fitted to a single exponential decay model to determine the fluorescence lifetimes, which were then displayed as a pseudocolored FLIM image. Additional FLIM-FRET experiments are shown in SI Text. 
